Spermatogenesis, a process involving the differentiation of spermatogonial stem cells into mature spermatozoa, takes place throughout masculine life. A complex system in the testis, including endocrine signaling, physical interactions between germ and somatic cells, spermatocyte meiosis, and timely release of spermatozoa, controls this cycle. We demonstrate herein that decreased O 2 levels and Epas1 activation are critical components of spermatogenesis. Postnatal Epas1 ablation leads to male infertility, with reduced testis size and weight. While immature spermatogonia and spermatocytes are present in Epas1
INTRODUCTION
Mammalian spermatogenesis is a complex process involving precisely regulated stem cells, coordinated hormone and growth factor signaling, and a maturation and release process that ensures sperm production throughout masculine life. Germ cells are specified and separated from somatic cells during early embryogenesis. As the embryonic testes are formed, Sertoli cells sequester gonocytes inside the newly formed seminiferous tubules (testicular cords), preventing them from entering meiosis. After birth, Sertoli cells and germ cells undergo rapid proliferation. Tight junctions are formed between Sertoli cells from 7 to 14 days postpartum (dpp) to create the blood-testis barrier (BTB), and germ cells enter meiosis and differentiate into spermatozoa [1] . The Sertoli cells, which are directly attached to the basement membrane, are also connected to the spermatogonia and provide nutrients and regulatory factors. Tight junction complexes are formed between adjacent Sertoli cells, thereby creating an outer (basal) and inner or adluminal compartment. Disruption of these junctions results in defects in spermatogenesis. Serum macromolecules are effectively excluded from the adluminal section, which is an essential prerequisite for spermatogenesis, creating a microenvironment consisting exclusively of Sertoli cell secretions and germ cells [2] [3] [4] .
Also attached to the basement membrane are the most undifferentiated germ cells, the type A spermatogonia (see Figs. 4A and 9C). Spermatogonial stem cells (SSCs), like other stem cells in the organism, are characterized by their ability to self-renew and maintain an appropriate number of undifferentiated cells. As these cells differentiate, they migrate away from the lamina and toward the tubular lumen, where they are released upon maturation into spermatozoa. The systematic maintenance of spermatogenesis is controlled by a number of factors, including hormones, temperature, and O 2 availability. Evidence shows that the testis is hypoxic and that the spatially well-orchestrated process of spermatogenesis occurs along a profound O 2 partial pressure gradient [5] .
The ability to control O 2 homeostasis is essential for multicellular organisms. The cardiovascular, hematopoietic, and respiratory organs provide proper oxygenation to all cells and tissues. Whereas ambient air contains 21% O 2 , most tissues maintain O 2 tensions between 2% and 9%. Of note, the testis has been reported to be a naturally O 2 -deprived organ [5] . Decreased O 2 , or ''hypoxia,'' occurs in a number of processes (e.g., embryonic development, postnatal organogenesis, and disease). The heterodimeric hypoxia-inducible factors (HIFs) are critical transcriptional regulators of systemic and cellular responses to hypoxia [6] [7] [8] . HIFs consist of an a subunit (usually HIF-1a or EPAS1) and a b subunit (HIF-b, also known as ARNT for aryl hydrocarbon receptor nuclear translocator). HIF activity is regulated via the labile a subunit [9] [10] [11] , whereas ARNT is expressed constitutively in the nucleus. Upon a subunit stabilization, HIF-a-ARNT dimers bind to hypoxia-response elements to stimulate target genes regulating erythropoiesis, cell survival, metabolism, and vascular remodeling [12] . Despite extensive amino acid sequence homology, HIF1A and EPAS1 (also known as HIF2a) exhibit different expression patterns and regulate common and unique target genes [13] . In humans, a testis-specific dominant negative isoform of HIF1A is expressed, suggesting a complex functional role for this protein during spermatogenesis [14] . Furthermore, application of unilateral testicular ischemia in rats induces HIF1A at the protein level, indicating HIFs may mediate cellular responses to ischemic stress in this organ [15] . Lysiak et al. [16] demonstrated that murine HIF1A can be detected in interstitial Leydig cells and regulates the promoter of 3b-hydroxysteroid dehydrogenase type 1 (a key enzyme in testosterone production) in vitro. Multiple studies [14] [15] [16] [17] suggest that HIF1A has a role in the male reproductive system; however, no in vivo analyses have confirmed that this is the case. Furthermore, the functional role of EPAS1 in testes has not yet been determined.
While Hif1a-, Epas1-, and Arnt-null mice are embryonic lethal [18] [19] [20] [21] [22] [23] , conditional alleles have allowed the investigation of HIF activity in adult animals [22, [24] [25] [26] [27] [28] . We have created a conditional Epas1 allele and acutely ablated this a subunit after birth. Epas1 D/D mice exhibit anemia due to insufficient expression of the EPAS1-specific target gene erythropoietin (Epo) [25] . In the present study, we focused on a novel developmental process dependent on EPAS1 spermatogenesis. We deleted Epas1 within the first week after birth and examined the resulting disruption of spermatid production in normal conditions. Postpubertal Epas1 D/D testes exhibited substantially reduced numbers of spermatids but contained spermatogonia, spermatocytes, and Sertoli cells within the seminiferous tubules. This phenotype was not due to germ cellintrinsic defects but rather cell nonautonomous regulation of spermatogenesis via Epas1 expression in Sertoli cells. Furthermore, the phenotype progressed with age; Epas1 D/D testes became fibrotic, and the basement membrane establishing the seminiferous tubules disintegrated at age 4 mo, resulting in increased germ cell depletion. Of note, Hif1a D/D mice displayed normal testes. Immunohistochemical marker analysis of the basement membrane and myoid cell layers, as well as functional BTB assays, revealed compromised integrity of these structures. We concluded that EPAS1 (and not HIF1A) regulates the expression of genes encoding Sertoli cell tight junction proteins (e.g., TJP1 and TJP2 [hereafter referred to as ZO1 and ZO2] and occludin) that establish an effective BTB.
MATERIALS AND METHODS

Mouse Experiments
The conditional allele of the murine Epas1 locus was generated by flanking exon 2 (encoding the DNA-binding domain) by loxP sites [25] . Mice homozygous for the 2-loxP allele are phenotypically normal and produce wildtype Epas1 mRNA. Cre-mediated recombination between the loxP sites in the 2-loxP allele produces the 1-loxP allele, which lacks exon 2 and produces a mutant mRNA transcript [25] . Epas1 f l/fl females were bred to Epas1 fl/D UbcCre heterozygous males, resulting in Epas1 fl/D Ubc-Cre À and Epas1 fl/D UbcCre þ pups. The UBC-Cre transgene encodes a tamoxifen-regulated recombinase, allowing acute deletion of ''floxed'' Epas1 [29] . Epas1 was deleted 2 days after birth by administering tamoxifen to the nursing mother, leading to efficient recombination of the Epas1 locus detected by PCR genotyping at weaning as described previously [25] . All procedures involving mice were performed in accord with National Institutes of Health (Bethesda, MD) guidelines for use and care of live animals and were approved by the University of Pennsylvania Institutional Animal Care and Use Committee.
Histology, Immunohistochemistry, and Immunofluorescence
Testes from mice at ages 2, 4, 7, and 13 mo (see Results) were harvested in PBS, fixed in 4% paraformaldehyde at 48C for 24 h, dehydrated through an inclining EtOH series into 100% EtOH, treated with xylene, and embedded in paraffin (n ¼ 3-5). Whole-body perfusion was also used as an alternative tissue fixation process. Briefly, the mice were anesthetized, and warm PBS was infused through the right ventricle, while the right auricle was punctured with scissors, allowing the fluids to exit. This was followed by perfusion with 2% glutaraldehyde using a similar method, and testes were harvested. The testes were then transferred to osmium tetroxide, embedded in epon, and 1-lm-thin sections were used for toludine blue staining for histological analysis. Hematoxylin-eosin (H&E) staining was performed by standard protocols [25] . Pimonidazole staining was performed using a kit from Chemicon (Billerica, MA) according to the manufacturer's protocol. Briefly, mice were injected with pimonidazole i.p. at a dose of 60 mg/kg on the day of killing, and tissue samples were isolated 1 h later. An HT15 trichrome stain (Masson) kit from Sigma was used according to the manufacturer's manual. D/D testes as previously described [25] .
Quantification of Sertoli, POU5F1
þ , and Proliferating Cells
The cells were enumerated by manual counting after staining with GATA4, POU5F1, and PCNA antibodies for Sertoli, POU5F1
þ spermatogonial, and proliferating cells, respectively. All quantitative measurements of cell numbers are referred to as the number of cells per tubule cross-section. Sertoli cell nuclear area was measured using ImageJ software (National Institutes of Health).
Blood-Testis Barrier Integrity Assay
Integrity of the BTB was analyzed by assessing the ability of the BTB to restrict the diffusion of a small fluorescent probe across the barrier. Briefly, 0. mice via tail vein injection. The animals were allowed to recover, approximately 30 min later they were killed, and testes were removed and frozen in liquid nitrogen. Frozen testes sections were obtained and examined by fluorescence microscopy.
RNA Analysis
RNA was isolated from whole testis using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer's manual. Three to five micrograms of RNA was translated to cDNA using oligo-dT and 18S reverse primers and SuperScript RT II (Invitrogen, Carlsbad, CA). Calmegin, MYBL1, and GPD were amplified using primers previously described [30] . Quantitative RT-PCR was performed with gene expression assays from Applied Biosystems (Foster City, CA) for ZO1, ZO2, occludin, transferrin, SMN1, TIMP1, and 18S ribosomal RNA (n ¼ 3).
Serum Testosterone
Testosterone levels in the serum were measured. This was performed by A.F. Parlow at the Harbor-UCLA Research and Education Institute (West Carson, CA).
Statistical Analysis
Statistical analysis was performed using unpaired Student t-test. P , 0.05 was considered statistically significant, and error bars represent the SEM.
RESULTS
Epas1
D/D Testes Are Reduced in Size and Weight
Mice harboring a conditional Epas1 allele were crossed to ubiquitously expressed tamoxifen-inducible Cre-recombinase (UBC-Cre) transgenic mice [29] . By administering tamoxifen to nursing females 2 days after delivery, Epas1 was uniformly deleted in all tissues of pups positive for Cre-recombinase expression [25] . In addition to the previously reported anemia observed in Epas1-deficient mice, these animals were also sterile. Mating Epas1 D/D males to wild-type females over a period of 2-3 mo failed to produce any offspring (data not shown). To define mechanisms causing infertility, control and Epas1 D/D testes were harvested once puberty was completed (age 6-8 wk). Epas1 D/D testes were reduced in size and weight by 50% compared with littermate control males (n ¼ 5, *P , 
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0.05) (Fig. 1, A and B) . Blood vessels leading to the testes and the vasculature beneath the testicular capsule appeared normal (Fig. 1A) . Efficient Epas1 deletion within the testis was confirmed by PCR genotyping of testicular DNA (Fig. 1C) .
Reduction of Spermatids and Seminiferous Tubule Numbers upon EPAS1 Deletion
Histological analysis of cross-sections through control (Epas1 fl/D ) and Epas1 D/D samples (n ¼ 5, *P , 0.05) revealed a 25% reduction in seminiferous tubule numbers (Fig. 2, A 
and B) in Epas1
D/D testes (quantified as the number of tubules per testis in Fig. 2G ). In addition, the diameter of Epas1 D/D seminiferous tubules was significantly decreased compared with controls (Fig. 2, C and D) . Higher magnification of H&E-stained tissue sections revealed proper architecture and arrangement of Sertoli cells and germ cells at various differentiation stages in control testes (Fig. 2E ). Sertoli cells, spermatogonia, and spermatocytes, determined by morphological criteria, were present in their appropriate location in Epas1 fl/D samples. Epas1 D/D testes, however, exhibited reduced numbers of round and elongated spermatids and spermatozoa (Fig. 2, F and H) . Whole-body perfusion fixation and toludine blue staining revealed a similar phenotype in 2-mo-old mice (i.e., an impaired testicular architecture in Epas1-deficient mice (Fig. 2, I -L). However, the reduction in spermatids was not as dramatic in these samples. It is important to note that variations in phenotype were observed in mutant testes due to multiple reasons. Cre-mediated recombination is not always 100% efficient, leading to a slight variability in the extent of phenotypes from mouse to mouse and tubule to tubule. Because the phenotype progresses with age (discussed herein), young mice tend to have a less severe phenotype than older animals. Finally, variation in germ cell loss might be expected from disruption of proper Sertoli cell support of germ cell differentiation (discussed herein). However, it is noteworthy that this phenotype was unique to the EPAS1 isoform, as Hif1a [31] deletion using the same system did not affect spermatogenesis (Supplemental Fig. S1 , A and A 0 , available at www. biolreprod.org). In contrast, deficiency in Arnt, encoding the EPAS1 heterodimerization partner, phenocopied the lack of spermatids observed in Epas1 D/D testis (Supplemental Fig. S1 , B and B 0 ). These data clearly demonstrate that EPAS1-ARNT dimers are critical for spermatogenesis.
Hypoxia and Epas1 Expression in the Testis
To further analyze how EPAS1 regulates germ cell maturation, pimonidazole staining was used to investigate typical O 2 levels of wild-type testes. Pimonidazole forms protein thiol adducts in cells experiencing O 2 concentrations below 1.5% [32] . Figure 3B shows positive staining of essentially all cells within the seminiferous tubules, with relatively rare unstained cells in the interstitial space (n ¼ 3). Epas1 expression was assessed using previously described Epas1:LacZ (encoding b-galactosidase) knockin mice [23] . Frozen sections obtained from testes of heterozygous Epas1 males displayed b-galactosidase activity and served as a surrogate marker for Epas1 mRNA expression. Of note, bgalactosidase expression was restricted to the nuclei of Sertoli cells attached to the basement membrane and endothelial cells (ECs) forming blood vessels (Fig. 3, C and D) . Doubleimmunofluorescence for GATA4 (a Sertoli cell marker) and EPAS1 confirmed a Sertoli cell-specific expression pattern within the seminiferous tubule (data not shown). During spermatogenesis, spermatogonia divide by mitosis to produce the type A, intermediate, and type B spermatogonium. Type B spermatogonia give rise to primary spermatocytes, followed by secondary spermatocytes, and then mature spermatids (Fig. 4A) . The transcription factor GATA4 was used to identify Sertoli cells by IHC [33] . These cells were attached to the basement membrane and interspersed with spermatogonia in control tissues (Fig. 4B) (Fig. 4D) , Epas1 D/D testes showed disorganized localization and approximately 30%-40% reduction in germ cell number (Fig. 4E) . Immunofluorescence staining for POU5F1 (also known as OCT4), a transcription factor expressed in spermatogonia [34] , was performed to identify this cell type. Figure 4 , F and G, shows POU5F1
þ type A and type B spermatogonia as one-cell or two-cell layers (with punctate nuclear POU5F1 staining) next to the basement membrane in normal testes. Of note, the punctate nuclear POU5F1 staining was not present in (Fig. 4, F and G) . The number of POU5F1 þ spermatogonial cells was analyzed, demonstrating no difference in the number per tubule cross-section. Additionally, Pou5f1 mRNA levels (data not shown) were not altered in Epas1 D/D specimens, suggesting a defect downstream of the spermatogonial stage. Acrosomal protein FE-J1 staining was used to detect round and elongated spermatids. FE-J1 antibody binds to carbohydrate antigens on the surface of pachytene spermatocytes and spermatids [35] . Multiple layers of FE-J1 þ germ cells were detected toward the center of the seminiferous tubules in control testes. In direct contrast, Epas1 D/D testes contained extremely few or no spermatids expressing FE-J1 (Fig. 4, H and I) . We concluded that Epas1 ablation did not affect the SSC pool or immature germ cells but had a severe effect on spermatid and spermatozoa numbers. Epas1 D/D testes displayed a significant decrease in FE-J1-expressing haploid spermatids. This was further confirmed by microarray analysis, indicating a reduction in mRNAs typically expressed in these cells such as protamine 3 (Prm3), transition protein 1 (Tnp1), and spermatid-associated protein (Spert) (data not shown). 
Reduced Numbers of Differentiated Germ Cells in Epas1
arrows). SCP-3 expression connecting the two sister chromatids was used as a second marker for meiosis. G and H) Testes of both genotypes contained multiple layers of spermatocytes undergoing meiosis (n ¼ 4) (arrows). I-K)
The RT-PCR analysis for calmegin (Clgn), Mybl1, and Gpd (used as a loading control) revealed normal expression of these mRNAs. L) Testosterone levels were not changed in Epas1-deficient males. Original magnification 3400 (A-H).
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control (Fig. 5A) and Epas1 D/D (Fig. 5B ) testes, and the number of proliferating cells per tubule cross-section was not decreased in Epas1 D/D samples (n ¼ 3-5). Apoptotic cells were occasionally detected in seminiferous tubules by cleaved caspase 3 staining in control and Epas1 D/D testes, but no increase in Epas1 D/D testes was apparent (Fig. 5, C and D) . Because we failed to identify haploid cell types in Epas1 D/D testes, we determined that Epas1 deficiency inhibits spermatocytes to enter, proceed with, or exit meiosis. The histone variant H2AFX is phosphorylated in response to double-strand breaks occurring during crossovers between chromosomes in meiosis [37] [38] [39] . Strong staining of all metaphase chromosomes was detected in early spermatocytes, and phospho-H2AFX became restricted to the XY body as the cells proceeded through meiosis. Figure 5 , E and F, shows a similar picture of phospho-H2AFX þ cells in control and Epas1
testes. In addition to H2AFX phosphorylation, we also analyzed meiotic cells by IF for synaptonemal complex protein-3 (SYCP3), which is important for binding the two sister chromatids during meiosis [40] . However, no defect was detected at this stage in Epas1 D/D testes either (Fig. 5, G 
and H). Although multiple layers of postmeiotic germ cells visualized by 4
0 ,6 0 -diamidino-2-phenylindole staining were present in control seminiferous tubules, a marked 40% reduction of haploid cells was observed in Epas1-deficient tubules. We performed RT-PCR analyses for calmegin (Clgn) and Mybl1, two genes expressed during meiosis, specifically in pachytene spermatocytes [41, 42] . Normal spermatocyte maturation was verified, as these genes were expressed normally in Epas1 D/D testes. Glycerol 3-phosphate dehydrogenase (Gpd) was used as a loading control (Fig. 5, I-K) .
In summary, we characterized the effect of postnatal Epas1 ablation on germ cell differentiation and revealed loss of spermatids and spermatozoa in testes lacking EPAS1 activity. We found no evidence for a germ cell-intrinsic defect and therefore hypothesized that cell nonautonomous factors expressed by Sertoli cells in an EPAS1-dependent manner function in germ cell maturation. Spermatogenesis is controlled by many factors; these include hormones such as testosterone (secreted by Leydig cells) signaling to the androgen receptor on Sertoli cells. Given that Leydig cells also express EPAS1 [43] , we measured testosterone levels in the serum of Epas1 D/D males and their littermate controls (n ¼ 5); however, testosterone levels were not altered in response to Epas1 deficiency (Fig. 5L) .
The Phenotype Observed in Epas1 D/D Testes Progresses with Age
Analysis of testes from older males demonstrated that later in life (at ages 4, 7, and 13 mo) Epas1 D/D testes lost additional germ cells and 50% of Epas1 D/D animals showed signs of testicular fibrosis (n ¼ 3-5) (Fig. 6, B, B 0 , D, and D 0 ). We performed IHC for GATA4 and VASA to determine the nature of the few cells remaining in the seminiferous tubules of aged 
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Epas1 D/D males. As described for 2-mo-old testes, GATA4
þ Sertoli cells were located adjacent to the basement membrane in normal numbers. In addition to Sertoli cells, GATA4 immunoreactivity was also detected in Leydig cells in the interstitial space (Fig. 6 , F and F 0 ). Some Epas1 D/D tubules were devoid of germ cells at this stage, whereas reduced numbers of germ cells were observed in others. The representation of tubules in different stages of the seminiferous cycle on cross-section through the testis could be a possible explanation for this variability (Fig. 6, H (Fig. 7A, a) . Epas1 D/D testes, however, showed Masson trichrome positivity in the thin fibroblastic cells in the interstitial space, as well as a thickening of the basement membrane (Fig. 7A, b and b 0 ). As shown in Figure 7A (b 0 ), increased staining was observed in testes harvested from older animals.
Loss of Epas1 Leads to Disruption of the Basement Membrane and BTB
To evaluate the peritubular myoid cells in Epas1
D/D testes, we performed IF for smooth muscle actin (SMA) expression [44] (Fig. 7A, c, D/D tubules were surrounded by several layers of myoid cells that failed to form a discrete barrier (Fig. 7A, d and d 0 ). We also analyzed the expression of collagen type IV to evaluate the integrity of the basement membrane. Collagen type IV staining revealed an irregularity in the organization and a thickening (approximately 2-fold) of the basement membrane in Epas1 D/D testes (Fig. 7A , e, f, and f 0 ). Consistent with Masson trichrome staining, collagen type IV staining was also observed in the interstitial space. Importantly, a disrupted basement membrane could result in defective growth factor and endocrine signaling.
To pursue this observation, we investigated if Epas1
Sertoli cells established a functional BTB. The BTB is formed through Sertoli cell-Sertoli cell tight junctions separating spermatogonia from spermatocytes, spermatids, and spermatozoa to ensure normal maturation. Malfunctioning Sertoli cells, incapable of establishing the BTB or germ cell connections, would likely result in premature release of undifferentiated spermatocytes and spermatids. Electron microscopy (EM) was used to test this hypothesis. Sertoli cell-Sertoli cell tight junctions created a tight seal, forming the BTB in control testes (Fig. 7B, g and i) . Epas1 D/D Sertoli cells formed short stretches of tight junctions; however, a sealed barrier was not established (Fig. 7B, h and j) . Furthermore, spaces between junctions formed by Epas1 D/D Sertoli cells were visible, and cell membranes contained vesicles (Fig. 7B, j) . Interestingly, Epas1
D/D cells within the seminiferous tubules were surrounded by multiple membrane layers, and membranes appeared to Collagen type IV staining delineated irregularity and thickening of the basement membrane of mutant tubules (e-f 0 , arrows) (original magnification 3200). B) Electron microscopy displayed tight junctions and an impermeable seal between the membranes of two Sertoli cells in control testes (g and i, arrows). Epas1 D/D testes contained shortened tight junctions (arrow in h) and did not form a proper barrier or seal (arrow in j).
Furthermore, cells within Epas1
D/D seminiferous tubules were surrounded by multiple membranes (arrow in j). Bar ¼ 1 lm (g, h) and 0.5 lm (i, j).
FIG. 8. Integrity of the BTB is impaired in Epas1
D/D testes. The functional integrity assay displayed increased diffusion of FITC into the seminiferous tubules of Epas1 D/D testes (arrow). In direct contrast, FITC staining is confined to the basal region of the seminiferous epithelium of control testes. Original magnification 3400.
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be significantly thicker (Fig. 7B, j) . In addition to defects in Sertoli cell-Sertoli cell tight junctions, the connections formed between Sertoli cells and germ cells also appeared to be abnormal (data not shown).
To directly analyze the integrity of the BTB in Epas1
testes, we performed a functional assay that monitors the diffusion of a small fluorescent dye, FITC, across the BTB after administration via tail vein injection. Because the BTB is a selective barrier that prevents diffusion from the systemic circulation to the seminiferous epithelium [45] , FITC was confined to the basal region of control tubules. However, in Epas1 D/D testes, FITC was detected toward the middle of tubule lumens, suggesting damage to BTB integrity (Fig. 8) . Several junction proteins (such as members of the zona occludens family [ZO1, ZO2, and occludin], as well as claudins) are essential for functional tight junctions and spermatogenesis [46] [47] [48] . We performed IF staining for several of these junction proteins and detected the presence of ZO1, ZO2, and occludin in discrete spots between cells located at the basement membrane (Fig. 9A and data not shown) . In agreement with EM analyses, loss of Epas1 did not completely ablate the expression of tight junction proteins. It is, however, possible that the tight junctions detected are not functional or present in normal numbers.
Because IF is not a reliable tool for protein quantification, we performed quantitative RT-PCR for ZO1, ZO2, and occludin on whole-testis RNA. We compared each Epas1 D/D animal with a littermate control and averaged the fold changes observed from four Epas1 D/D -Epas1 fl/D pairs. We detected a 25%-50% reduction in mRNA levels of the tight junction components ZO1, ZO2, and occludin (Fig. 9B) . Another Sertoli cell gene product important for regulating spermatogenesis is transferrin, a protein having a critical role in shuttling iron from Sertoli cells to germ cells [49] . Transferrin has been suggested to be a HIF target gene [50, 51] , and transferrin mRNA levels were somewhat reduced in Epas1 D/D testes (Fig. 9B ). This is intriguing because decreased transferrin levels should also contribute to disrupted spermatogenesis in Epas1 D/D animals. The third class of glycoproteins expressed by Sertoli cells includes proteases and protease inhibitors. We did not detect dramatic changes in matrix metalloprotease Mmp2 or Mmp3 mRNA levels (data not shown) but found that mRNA levels of the protease inhibitor Timp1 were slightly increased (Fig. 9B) . The changes in these mRNA transcripts were not statistically significant between the Epas1 D/D -Epas1 fl/D pairs, but a trend was clearly observed at the gene expression level. Altogether, we demonstrate that postnatal depletion of EPAS1 in the testis affects the structural components of the basement membrane and Sertoli cell tight junction complexes, resulting in defective BTB and thereby affecting the retention of spermatids.
DISCUSSION
Epas1 expression is restricted to distinct cell populations in the brain, heart, lung, kidney, liver, pancreas, and intestine, whereas HIF-1a is ubiquitously expressed [23, 43, 52] . EPAS1 is essential for development, as global Epas1 deletion causes embryonic and/or perinatal lethality [18, 21, 23] . We have previously reported that acute postnatal deletion of Epas1 results in anemia [25] . To understand the role of this important transcription factor during spermatogenesis, we deleted Epas1 2.5 days after birth via a ubiquitously expressed inducible Cre transgene (UBC-Cre) and analyzed the testes of control and Epas1 D/D males after the animals completed puberty. Epas1 deficiency resulted in infertility due to substantially reduced sperm counts. This manifested itself through a reduction in testis size and weight. Several explanations for this defect have been investigated. Defective spermatogenesis can be due to failure to maintain the SSC pool [53, 54] , increased apoptosis in response to meiotic arrest, and/or ineffective proliferation or premature release of germ cells. Loss of stem cell maintenance genes, RNAbinding proteins, and Piwi-interacting RNA processing factors [55, 56] and ineffective hormonal and growth factor signaling [57, 58] result in maturation defects and oligospermia or azoospermia [59] . Such phenotypes can be caused by germ cell-intrinsic defects and by mutations in supporting cells [60, 61] .
Analysis of Epas1 D/D testis morphology established a gradual loss of germ cells, specifically spermatids. Sertoli cell number and localization were unchanged, despite Sertoli cell- restricted EPAS1 expression within testicular tubules. POU5F1 þ spermatogonia, as well as meiotic spermatocytes expressing SYCP3 (SCP-3), MYBL1 (A-myb), Calmegin, and H2AFX (c-H2AX), were present in 2-mo-old Epas1 D/D testes. Haploid FE-J1 þ spermatids, however, were largely missing. Furthermore, VASA þ germ cell numbers were reduced at age 2 mo and decreased further with age. For unexplained reasons, the interstitial space of Epas1 D/D testes was filled with fibroblast-like cells first detected at age 4 mo. Serum testosterone levels were not altered as a result of Epas1 deletion. Because increasing numbers of immature germ cells were lost with age, we concluded that this phenotype was not the consequence of a maturation defect arresting germ cells at a specific differentiation stage. In contrast, the data suggest malfunctioning Sertoli cells and/or peritubular myoid cells surrounding the basement membrane, leading to loss of germ cells as a result of ineffective binding to cells within the seminiferous tubules. Of note, some round spermatids could be detected in the epididymis of Epas1 D/D animals, indicating they are being shed from these structures.
Sertoli cell-Sertoli cell tight junctions and adherence junctions establish a flexible mechanism capable of opening and closing to allow germ cells to move from the basement membrane to the lumen as they progress in the seminiferous cycle [62] . Epas1 D/D testes did not form normal tight junctions, and it appears that EPAS1 regulates the expression of junction proteins such as claudins and members of the zona occludins family. This is supported by our quantitative RT-PCR data that suggest a decrease in the expression of multiple tight junction protein genes and EM images that indicate fewer junctions. Premature release of germ cells could be caused by breakdown of the basement membrane, as well as by failure of Sertoli cells to effectively connect to germ cells and hold them inside the testicular tubules. In a different biological system, specific deletion of Epas1 in mouse ECs increased vessel permeability and caused aberrant EC ultrastructure [63] . Moreover, immortalized Epas1-deficient ECs displayed reduced adhesion to extracellular matrix proteins [63] , implicating the importance of EPAS1 in maintenance of the integrity of membranous structures.
The importance of a specific microenvironment in regulating tissue homeostasis has been described for a number of organs. Germ cells and somatic Sertoli cells are enclosed in the seminiferous tubules, which develop from the sex cords. The SSCs are scattered throughout the length of the seminiferous tubules, which form loops and are tightly packed within the tunica albuginea, the outer capsule of the testis. The interstitial space between the seminiferous tubules is filled with Leydig cells, blood vessels, and macrophages. Leydig cells also contribute to the spermatogonial microenvironment by secreting growth factors and hormones [64] . A recent study by Yoshida et al. [65] describes the importance of blood vessels in providing a possible niche for SSCs. This group showed in a series of elegant experiments that A undiff spermatogonia primarily reside close to blood vessels, accompanied by interstitial cells, especially at vascular branches. Once the cells differentiate, they move farther away from vessels, and differentiated spermatogonia, spermatocytes, and spermatids are found in the lumen.
Hypoxia in general and HIFs in particular markedly contribute to providing signals for proliferation and differentiation. The present study presents a novel role for EPAS1 in regulating spermatogenesis. While Epas1 deficiency did not eliminate the expression of a single junction protein, decreased expression of multiple proteins should decrease the ability to form a fully functional BTB. This could lead to loss of germ cells due to improper contact and junction formation. EPAS1 is also likely to be involved in regulating basement membrane integrity via an interaction between Sertoli cells and peritubular myoid cells. Additional studies will increase our understanding of the important roles of Sertoli cells, the basement membrane, and O 2 levels during spermatogenesis.
